OBJECTIVES This study examined radiofrequency catheter ablation (RFCA) lesions within and around scar by cardiac magnetic resonance (CMR) imaging and histology.
scar tissue, however, is not well understood, and the outcomes are suboptimal, especially for hemodynamically unstable VT (4) .
Cardiac magnetic resonance (CMR) offers significant advantages over other imaging modalities for identification of arrhythmic substrates due to superior soft-tissue contrast (5) . CMR can also visualize acute and chronic RFCA lesions with or without contrast agent (6) (7) (8) . Non-contrast-enhanced T 1 -weighted (T1w) imaging can separate the necrotic core from the surrounding edematous rim in acute RFCA lesions (9, 10) .
Recently, non-contrast-enhanced T1w imaging with long inversion time (TI) has demonstrated improved delineation of acute necrotic lesion cores, surrounding hematoma, and chronic scar, exploiting differences in intrinsic T 1 relaxation times (11) .
This could benefit target selection and acute evaluation of ablative treatment.
We hypothesize that inability to assess the necrotic extent of ablation lesions may lead to incomplete ablation of arrhythmogenic substrate, allowing subsequent recovery of tissue with restoration of conduction and recurrent arrhythmia. We further hypothesize that non-contrast-enhanced T1w CMR with long TI can detect acute RFCA lesions within and around scar, without the overestimation typically seen in late gadolinium-enhanced (LGE) CMR (12) . In this study, we utilize CMR techniques to examine RFCA lesion formation within and around scar in swine 8 weeks after myocardial infarction (MI). We compare imaging results to gross pathology and histology.
METHODS

ABLATION PROCEDURE IN SWINE WITH MI.
Animal experiments were approved by the Institutional Animal Care and Use Committee. Swine were initially anesthetized with mechanical ventilation using a combination of ketamine and xylazine and maintained under sedation using 1% to 2% isoflurane. We created MI in 8 swine (weighing 35 to 45 kg) by occluding the mid-left anterior descending coronary artery for 2 h using an angioplasty balloon (13) .
We performed an electrophysiological study 8 weeks after MI. In heparinized animals, endocardial mapping of the left ventricle (LV) was performed during sinus rhythm via retrograde approach using a duodecapolar catheter (AFocus II, Abbott Inc., Minnetonka, Minnesota) with the EnSite Velocity mapping system (Abbott). A bipolar voltage map was created, where normal myocardium voltage was >1.5 mV, scar <0.5 mV, and border zone (BZ) 0.5 to 1.5 mV (3) . Endocardial RFCA in the LV was performed at 2 to 3 sites each in scar, BZ, and normal tissue using an irrigated 3.5-mm tip contact force-sensing ablation catheter (TactiCath, Abbott). Each RFCA application was delivered at 30 W for 60 s (17 ml/min irrigation) with a temperature limit of 48 C, and targeting contact force was 10g to 40g. Force-time integral and changes of local impedance and amplitude of bipolar electrograms were measured during each ablation.
CMR IMAGING PROTOCOL. CMR imaging was performed in all swine, 1 week before and immediately after the RFCA procedure. Four swine were imaged at
1.5-T and 4 others at 3-T (Avanto and Prisma, Siemens
Healthcare, Erlangen, Germany to 20 min after injection) and late phase (LGE: 20 to 30 min after injection). These were acquired with the same resolution as non-contrast-enhanced imaging, but with TI ¼ 400 ms and 1RR triggering (scan time ¼ 8 to 10 min). Early phase EGE (up to 20 min) was captured with shorter scans, using one-half the number of slices (same slab thickness).
HISTOPATHOLOGICAL ANALYSIS. After imaging, swine were euthanized using potassium chloride. The hearts were removed and filled with polyurethane elastomer within 2 h of sacrifice. Specimens were fixed in buffered formaldehyde and then sectioned into 2mm slices to contain the areas of ablation for processing. Slides from these areas were stained with hematoxylin and eosin and Masson trichrome. The specimens and slides were digitally scanned (Image-Scope; Aperio, Sausalito, California) to measure lesion size. Because histopathological processing causes tissue shrinkage by 10% to 15% (10), we used gross pathology to measure width and depth of necrotic lesions Ablation Lesion Characterization in Scar J A N U A R Y 2 0 1 9 : 9 1 -1 0 0 DATA ANALYSIS. RFCA lesion size and signal intensity were measured from CMR images and analyzed with quantitative analysis software (OsiriX, Pixmeo, Bernex, Switzerland). Contrast-to-noise ratio (CNR) was estimated as the signal difference between lesion or scar and neighboring normal myocardium, divided by the SD of the background noise. RFCA lesion width and depth measured in CMR images were compared with those from gross pathology in a matched slice orientation, using multiplanar reformatting if needed. In T1w images, we measured the width and depth of enhanced core and width of hypointense rim. In contrast-enhanced images, we measured the width and depth of hypointense core, described as no-reflow region (7) , and enhanced rim. Mann-Whitney U test for parametric or nonparametric continuous variables, respectively. We used yellow dotted line, boundary of necrotic core). Coagulation necrosis (5) and contraction band necrosis (6) extend beyond fibrosis (7; blue). Fat (8; white) redirects the expansion of necrosis, which results in preserved normal myocardium in epicardium (9) despite the relatively short distance from catheter contact region. We used linear regression to compare the measurements derived from CMR images and gross pathology.
We calculated bias (mean difference) and the 95% limits of agreement (1.96 SD around the mean difference) between the 2 methods to measure size (14) . Tao et al. Figures 1E and 1F) . On gross pathology, the coagulation necrosis appears as a gray core, surrounded by a dark rim of contraction band necrosis ( Figure 1A) . There was no correlation between the amplitude decrease of bipolar electrograms and lesion volume.
Impedance before ablation was not significantly different in BZ and scar with or without fat (95.5 AE 4.4 vs. 97.2 AE 6.7 U, p ¼ 0.56) and did not correlate with volume and aspect ratio of lesion in BZ and scar. (17), the accuracy is controversial (18, 19) . Recent studies showed that monitoring electrode-tissue contact force is the most reliable and accurate method to ensure lesion creation (19) . In this study, however, the force-time integral did not correlate with lesion volume within and around scar. Our results suggest that the composition of scar including fat limit the spread of lesion necrosis, which is not taken into account by the force-time integral. T1w imaging reliably assessed acute lesion creation in the heterogenous environment surrounding infarct scar.
Recent papers showed the utility of impedance to identify scar regions due to significantly lower impedance than in normal myocardium (20) . In our study, however, the difference between impedance of BZ or scar and that of normal myocardium was smaller than that reported (5% vs. 33% on average). This is likely because they used different mapping catheters without contact force sensing and continuous scanning of frequencies in the range of 1 to 1,000 kHz, whereas we used contact force-sensing catheter with clinical system scanning only at 500 kHz. Nevertheless, earlier authors reported an impedance difference between scar and normal myocardium of <10 U at 500 kHz, which was similar to our result of 8 U. where the energy is converted from RF to heat (21) .
Fat occupied mid-wall and epicardial layers that were not close enough to the catheter to affect electrical impedance measurement. was significantly lower than that in BZ and scar. We believe catheter contact in normal myocardium was less stable than in scar due to the myocardial contraction and ventricular ectopies during ablation.
However, it is important to note that lesion in normal myocardium was significantly larger than that in BZ and scar despite the lower force-time integral.
Fourth, we did not estimate lesion volumes from pathological samples because typical methods 
